Introduction
The function of the micturition reflex is to store urine and then to completely empty urine (i.e., void) at socially appropriate times. Supralumbar spinal cord injury (SCI) results in significant urinary bladder dysfunction leading to life-threatening urinary retention and renal failure without appropriate management (1) . SCI rostral to the lumbosacral spinal cord disconnects the brain from the spinal cord, resulting in (a) discoordination between the urinary bladder and external urethral sphincter (i.e., detrusor sphincter dyssynergia [DSD]); (b) inability to inhibit the storage circuits; (c) incomplete activation of voiding circuits; and (d) voiding dysfunction. Over time, the urinary bladder becomes "overactive" (active at low and high bladder volumes), producing small, intermittent contractions of the bladder and unwanted leakage (urinary incontinence) with prominent DSD but highly inefficient voiding (1) . Impaired bladder emptying, which results in urinary retention with high bladder pressure, is a significant problem in the care of individuals with SCI (1) . The underlying mechanisms that contribute to voiding dysfunction following SCI are due to dramatic changes in the properties of C-fiber bladder afferents (2) . There are no drugs approved for the treatment of SCI-induced bladder dysfunction. It is imperative to identify targets that can enhance elimination reflexes and reduce morbidity following SCI.
Nerve growth factor (NGF) has for some time been a focus for treating various urological conditions, such as overactive bladder and interstitial cystitis/painful bladder syndromes, as it was known to contribute to bladder overactivity (3) . In particular, an increase in NGF levels was reported in the urine after SCI as well as in overactive bladder and interstitial cystitis/painful bladder syndromes (3, 4) , prompting studies to block its action as a way to improve overall bladder function (5) . Whether the site of NGF action is only at the urinary bladder or also in the spinal cord is, however, unclear. Previous studies demonstrated that intrathecal delivery of an NGF-blocking antibody attenuates abnormal urethral pressure increases that occur during voiding (i.e., DSD) in SCI animals (5) , and sequestering urinary NGF with TrkA-Fc decreased both nonvoiding contractions and overall voiding frequency under cystitis conditions (6) .
p75 is a receptor for the neurotrophins NGF, BDNF, and NT3/4. Although first discovered as a survival-promoting receptor for neurotrophins during nervous system development, recent advances in the field clearly demonstrate that p75 conversely induces apoptosis and degeneration under pathological conditions that increase its expression (7) . Under these pathological conditions, the preferred ligands that activate p75 are proneurotrophins that are secreted without undergoing intracellular processing. Thus, the current view is that mature neurotrophins activate the complex of cognate Trk receptors and p75, promoting Loss of bladder control is a challenging outcome facing patients with spinal cord injury (SCI). We report that systemic blocking of pro-nerve growth factor (proNGF) signaling through p75 with a CNS-penetrating small-molecule p75 inhibitor resulted in significant improvement in bladder function after SCI in rodents. The usual hyperreflexia was attenuated with normal bladder pressure, and automatic micturition was acquired weeks earlier than in the controls. The improvement was associated with increased excitatory input to the spinal cord, in particular onto the tyrosine hydroxylase-positive fibers in the dorsal commissure. The drug also had an effect on the bladder itself, as the urothelial hyperplasia and detrusor hypertrophy that accompany SCI were largely prevented. Urothelial cell loss that precedes hyperplasia was dependent on p75 in response to urinary proNGF that is detected after SCI in rodents and humans. Surprisingly, death of urothelial cells and the ensuing hyperplastic response were beneficial to functional recovery. Deleting p75 from the urothelium prevented urothelial death, but resulted in reduction in overall voiding efficiency after SCI. These results unveil a dual role of proNGF/p75 signaling in bladder function under pathological conditions with a CNS effect overriding the peripheral one.
Role of proNGF/p75 signaling in bladder dysfunction after spinal cord injury Jae Cheon Ryu, 1 Katharine Tooke, 2 Susan E. Malley, 2 Anastasia Soulas, 1 Tirzah Weiss, 1 Nisha Ganesh, 1 Nabila Saidi, jured patient urine. Together, these results suggest that proNGF is a major form of NGF appearing in the urine after SCI in rodents and humans, and the released proNGF is likely to elicit similar responses in mammals after SCI. NGF expression has been detected in the bladder tissue itself, and its RNA levels were reported to increase after SCI and CYPinduced cystitis (12) . In agreement with this report, NGF was detected in both the urothelium and the detrusor muscle in the naive, uninjured state (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/ JCI97837DS1). At 7 hours after injury, when urinary proNGF levels were high (Figure 1 ), NGF immunoreactivity was significantly reduced in both the urothelium and the detrusor muscle in comparison with the naive sample (Supplemental Figure 1, A and B) . In agreement with immunofluorescence data, overall proNGF levels were reduced in the urothelium at 1-4 hours after injury, with a gradual increase until 5 days after injury based on Western blotting (Supplemental Figure 1C ). In the detrusor muscle, proNGF levels were increased at 3-5 days after injury (Supplemental Figure 1D ). These results suggest that urinary proNGF is likely to have been released from the urothelium and detrusor muscle.
We next asked whether the expression of its signaling receptor, p75, is also similarly regulated in the urothelium and detrusor muscle. p75 was detected in both the urothelium and the detrusor muscle, with a significantly greater expression in the detrusor muscle than in the urothelium based on Western blotting (Supplemental Figure 2A) . A similar expression pattern was demonstrated with Trk receptors, with a majority of Trk receptors detected in the detrusor muscle and minimal expression in the urothelium. It is noted that although we suspect the signal observed reflects that from TrkA, we cannot confirm this since we used a pan-Trk antibody here.
We next examined with immunohistochemistry which cells in the bladder express p75 both in the naive state and after SCI. In the naive state, p75 immunoreactivity was detected mainly among the urothelial umbrella cells, colocalizing with uroplakin, a marker for these cells (Supplemental Figure 2 , B and C). In addition, p75 + sensory nerve fibers that project to the urothelium were also detected (Supplemental Figure 2B , arrows), as published (8, 9) . In the detrusor muscle, an increase in p75 immunoreactivity was detected at 7 hours after injury and persisted up to 5 days after injury (Supplemental Figure 2B) . Based on the morphology, this staining most probably represents nerve fiber projections to the muscle, which demonstrated an overall increase in p75 expression after injury. Sortilin, a coreceptor for p75 in binding proNGF, was also expressed both in the urothelium and the muscle (data not shown). In the urothelium, the patterns of p75 expression changed greatly after injury: p75 immunoreactivity was detectable in umbrella cells lining the bladder lumen at 7 hours and 1 day after injury, with some p75 immunoreactivity appearing to label dying cells that were being sloughed off from the urothelial layer (Supplemental Figure 2B ). Umbrella cells were reported to undergo desquamation as early as 2 hours after injury, with almost complete loss by 1 day after injury after SCI (13) . The loss of umbrella cells was followed by a hyperplastic response of the urothelial basal cells at 3 days after injury, during which p75 + cells appeared as rows that follow the contour of the hyperplastic urothelial layer (Supplemental Figure 2B) , with many of them expressing a mitotic survival and differentiation, whereas proneurotrophins bind p75 selectively and with a higher affinity, inducing apoptosis.
Although p75 expression has previously been identified in micturition reflex pathways, few studies have examined the potential role(s) of p75 in urinary bladder reflexes (8, 9) . The functional role of p75 has been addressed in lower urinary tract reflexes in the context of urinary bladder inflammation (8, 9) . Previous studies demonstrated that p75 blockade at the level of the urinary bladder increased voiding frequency in control rats and further increased voiding frequency in rats treated with cyclophosphamide (CYP) to induce cystitis (9) . Thus, one function of proNGF/p75 interactions may be to reduce bladder activity or to offset increased voiding frequency induced by CYP-induced cystitis (9) . The contribution(s) of proneurotrophins (e.g., proNGF) to micturition reflex function have not been explored in the context of health, injury, or disease. Thus, determination of the roles of proNGF/p75 signaling in normal micturition circuitry and urinary bladder morphology may provide additional insights into their contributions to urinary bladder dysfunction after SCI. We hypothesized that proNGF/p75 signaling in the periphery as well as in the CNS regulates bladder dysfunction after SCI. In this study, we have used preclinical models and human tissues to evaluate the contributions and roles of proNGF and p75 to urothelial cell apoptosis and urinary bladder morphology after SCI. In addition, we evaluated the functional contributions of proNGF/p75 signaling to micturition reflexes in spinal-intact and SCI mice using (a) conditional deletion of p75 from urothelial cells and (b) pharmacological blockade with the small molecule LM11A-31 (10, 11) . Our results suggest that p75 signaling plays important roles in micturition under spinal-intact and SCI conditions in both the CNS and the PNS. Our study of the mechanisms by which proNGF/p75 signaling contributes to bladder dysfunction after SCI will help facilitate rapid development of LM11A-31 or its analog as a viable therapeutic agent to treat bladder dysfunction in the near future.
Results
ProNGF is detected in the urine in rodents and humans within hours of SCI. We subjected urine samples collected at different times after SCI to Western blotting using a proNGF-specific antibody as well as a pan-NGF antibody to detect both mature and proNGF. While mature NGF was not detectable at the time points tested, proNGF was detected in the urine as early as 1 hour after injury, and its levels remained high up to 7 hours after injury ( Figure 1, A and B) . The lack of mature NGF in the urine was confirmed by mouse mature NGF-specific ELISA (data not shown). A similar time course of urinary proNGF was obtained using mouse proNGF-specific ELISA, which detected urinary proNGF levels in the range of 6.2-10.7 ng/ mg of proteins at 1-7 hours after injury ( Figure 1C ). The proNGF reactive band was indeed proNGF, as indicated by immunoprecipitation with a monoclonal 27/21 NGF antibody followed by blotting with a proNGF antibody ( Figure 1D ). It should be noted that SCIinduced increases in urinary proNGF were not limited to mice or the type of SCI: proNGF was detected within 1-7 hours after injury after contusion injuries in mice, and also in rats and humans (Figure 1, E-G) . The amount of urinary proNGF in 2 human patients was 1 and 46 pg/mg of proteins, respectively, based on a humanspecific proNGF ELISA. No proNGF was detected in control, unin- p75 is responsible for umbrella cell apoptosis in response to urinary proNGF after SCI. We next asked whether the loss of umbrella cells after SCI is due to apoptosis by performing TUNEL reactions. TUNEL reactions on injured bladder tissues revealed a robust apoptotic response mostly in uroplakin-positive and p75 + umbrella cells (Figure 2A ). Based on the number of TUNEL + umbrella cells, the apoptotic response was most robust at 7 hours after injury, and then subsided rapidly to the background level by 3 days after injury ( Figure 2B ). To determine whether p75 is involved in inducing the apoptosis of umbrella cells, we subjected p75 KO mice to SCI. Remarkably, umbrella cell apoptosis was completely blocked in p75 KO mice at 7 hours after injury to 3 days after injury ( Figure 2B ).
marker, phospho-histone 3 (pH3, Supplemental Figure 2C ). After an injury or infection that results in the loss of umbrella cells, the basal cells of the urothelium are known to undergo regeneration, thus replenishing the lost layer (14) . At 5 days after injury, after the hyperplastic response had subsided, p75 immunoreactivity was detected in the basal cell layer that abuts the laminin-positive staining (Supplemental Figure 2B and Supplemental Figure 2C ), and the cells were also dividing as indicated by BrdU and pH3 immunoreactivity (Supplemental Figure 2C) . These results suggest that p75 signaling, perhaps in response to the urinary proNGF released after the injury, plays a role in the loss of umbrella cells and regeneration of the urothelium. ProNGF was also detected in human urine after SCI. The upper blot was probed with proNGF-specific antibody (*artifact), while the lower blot was probed with pan-NGF antibody (H-20) . Note that recombinant proNGF and mature NGF were included as controls. Based on human proNGF-specific ELISA, the amount of proNGF was 1 and 46 pg/mg for 3 and 6 hours after injury, respectively. Note that 3-and 6-hour urine samples were collected from 2 different individuals. ELISA assays also failed to detect mature NGF as in Western blotting. C, urine from healthy control without SCI. LM11A-31 (10), but fails to cross the blood-brain barrier, and was thus presumed unlikely to cross the urothelial barrier. LM11A-24 as well as proNGF-blocking antibody, but not the control antibody, completely inhibited the apoptosis at 7 hours after injury ( Figure 2 , B and C). Together, these results indicate that it is the proNGF released into the urine that activates p75 on the surface of umbrella cells, thereby initiating apoptosis. In seeking additional support for the critical role of p75 signaling in umbrella cell apoptosis, we examined the morphology of the luminal surface of mice instilled with LM11A-31 and p75 KO mice via scanning electron microscopy analysis. Without injury, the luminal surface of the bladder exhibited the well-characterized polyhedral morphology with ridges that demarcate cell boundaries ( Figure 3A , blue lines and arrows; ref. 15) . At 7 hours after injury, however, the surface morphology was drastically altered, with loss of the characteristic junctional ridges ( Figure 3A) . By 2 days after injury, umbrella cells were regenerated, but they were smaller in size than those without injury, although they established polyhedral morphology ( Figure 3A , red arrows). With intravesical instillation of LM11A-31 immediately after SCI, however, These results suggest that p75 is involved in inducing umbrella cell apoptosis after SCI. After SCI in p75 KO mice, proNGF was detected in the urine at levels similar to those detected in WT SCI mice (data not shown).
We next determined whether blocking proNGF signaling with LM11A-31, which inhibits proNGF action through p75 in vitro and in vivo (10, 11) , will inhibit umbrella cell apoptosis. Indeed, systemic administration of LM11A-31 via oral gavage at 4 hours after injury reduced the number of TUNEL + urothelial cells at 7 hours after injury by 55% ( Figure 2B ). LM11A-31 had no effect at 1 day after injury, in agreement with a significant drop in urinary proNGF levels detected by Western blotting ( Figure  1B ). When LM11A-31 was delivered immediately after SCI via intravesical instillation, apoptosis of umbrella cells at 7 hours after injury was completely blocked ( Figure 2B ), suggesting that it is proNGF in the urine that is inducing apoptosis. To confirm whether urinary proNGF is indeed acting as an apoptosis factor, we instilled intravesically either a proNGF-blocking antibody or LM11A-24, immediately after SCI. LM11A-24 is capable of interfering with proNGF binding to p75 to the same extent as ) umbrella cells are the major cell types that undergo apoptosis at 7 hours after SCI. The bladders were processed for TUNEL reaction and subsequently stained with UP or p75 antibodies. Urothelial and muscle layers of the bladder wall are indicated by U and M, respectively, and the bladder lumen is indicated by L. Scale bar: 150 μm. (B) p75 is responsible for umbrella cell apoptosis after SCI as indicated by the lack of TUNEL + cells in the p75 KO . The data were analyzed using repeated measures of 2-way ANOVA after GreenhouseGeisser correction, which resulted in P < 0.001 comparing the vehicle and LM11A-31 treatments and the WT and p75-null mice. Subsequent pairwise comparisons were made using Bonferroni correction. (C) Intravesical instillation of proNGF blocking antibody blocked umbrella cell apoptosis completely at 7 hours after injury. The data were analyzed by Student's t tests.
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arrows). The effect of LM11A-31 was also prolonged, as revealed by H&E histology at 10 days after injury, where urothelial hyperplasia and detrusor hypertrophy were largely prevented ( Figure  3D ). These results together suggest that proNGF/p75 signaling is responsible for the loss of umbrella cells after SCI.
umbrella cell loss was completely blocked with intact polyhedral ridges at both 7 hours and 2 days after injury ( Figure 3B , blue lines and arrows). Also in p75 KO mice at 7 hours after injury, the luminal surface remained almost identical to uninjured control tissue with distinct polyhedral junctional ridges ( Figure 3C , blue lines and At 7 hours after injury, however, the surface morphology was drastically altered, with loss of the characteristic junctional ridges. By 2 days postinjury (dpi), umbrella cells were regenerated, but they were smaller in size than those without injury, although they established polyhedral morphology (red arrows). (B) With intravesical instillation of LM11A-31 immediately after SCI, however, umbrella cell loss was completely blocked, with intact polyhedral ridges at both 7 hours and 2 days after injury (blue lines and arrows). (C) At 7 hours after injury, the luminal surface of the bladder from p75 KO mice was visually indistinguishable from that of the control bladder. Blue dotted lines mark the hexagonal boundaries of umbrella cells. Higher-magnification images illustrate the cell boundaries between neighboring cells (arrows). (D) H&E staining of the control and LM11A-31-treated bladders. Note the preservation of the urothelium at 1 day after injury with LM11A-31, while very few urothelial cells are visible in vehicle-treated bladder. LM11A-31 also prevented chronic urothelial hyperplasia and detrusor hypertrophy of the bladder at 10 days after injury. The bladder morphology appears similar to that of the uninjured control bladder. Urothelial and muscle layers of the bladder wall are indicated by U and M, respectively, and the bladder lumen is indicated by L. Scale bar: 250 μm. Experiments were performed 3 times, and representative ones are shown. Selective deletion of p75 among umbrella cells influences micturition. p75 is also expressed in nerve fibers located in the lamina propria below the urothelium and extending into the umbrella cell layer in the urothelium (9) . Because this neuronal p75 could contribute to the changes in the umbrella cells after SCI, we generated a conditional p75 knockout mouse line in which p75 is deleted only among umbrella cells by crossing p75 fl/fl mice with an inducible uroplakin 3a (UP3a)-CreGFP/ERT2 (16) . p75 fl/fl mice have been described (17) . The experimental line, UP3a-CreGFP/ERT2 c -UP3a mice were isolated, and their genomic DNA was subjected to PCR reactions using P1 and P2 primers ( Figure 4A ), which will yield a product only when Cre is activated. The bladder minus urothelium from both genotypes was also used as controls. Indeed, a PCR band was detected only from urothelial cells, and not from the bladder minus urothelium, in p75 Δ -UP3a mice ( Figure 4B ). The PCR band was also absent in the urothelial cells as well as the bladder minus urothelium from p75 c -UP3a mice. Similarly, p75 immunoreactivity was detectable in the innervating fibers in the detrusor muscle, but was absent in the urothelium of p75 Δ -UP3a mice, while it was present in both layers in p75 c -UP3a mice ( Figure 4C ). These results illustrate that p75 is selectively deleted only among urothelial cells in p75 Δ -UP3a mice. When p75 c -UP3a mice were subjected to SCI, the number of TUNEL + apoptotic cells increased at 7 hours after injury, while it remained at the basal level in p75 Δ -UP3a mice ( Figure 4D ). These results suggest that it is p75 signaling in the urothelium that is responsible for inducing umbrella cell apoptosis.
The urothelium serves as an important permeability barrier, but also exhibits sensory and signaling abilities by releasing many neuromodulators and expressing their receptors, such as nicotinic, muscarinic, tachykinin, adrenergic, bradykinin, and transient receptor potential (TRP) vanilloid receptors (1). These properties allow the urothelium to regulate the excitability and release of neurotransmitters from adjacent capsaicin-sensitive, unmyelinated afferent nerves in the bladder. We thus asked whether protecting the urothelium from disruption that normally accompanies SCI would influence voiding function. Since anesthesia influences voiding function, urodynamic parameters were measured in freely moving conscious mice as published (18) . Surprisingly, p75
Δ -UP3a mice exhibited increased voiding frequency with reduced intermicturition intervals and increased bladder pressures compared with naive p75 c -UP3a mice ( Figure  5 , A-E). The overall voiding efficiency, however, remained similar between the 2 genotypes. This is consistent with a previous study in which pharmacological blockade of NGF binding to p75 increased voiding frequency in control rats and those with CYPinduced cystitis (8) . After SCI, however, p75
Δ -UP3a mice exhibited worse bladder function than the control with an increase in intermicturition intervals and infused volumes, and an overall 32% reduction in voiding efficiency ( Figure 5 , A-E). We interpret these results as suggesting that p75 signaling in the urothelium contributes to micturition in both naive and injured conditions. More importantly, these results suggest that the normal turnover of the urothelium that involves umbrella cell apoptosis plays a protective role for bladder function after SCI.
The phenotype of p75 Δ -UP3a mice is opposite to that of naive TrpV4 KO , which showed reduced voiding frequency with increased intermicturition intervals (19) . TrpV4 is one of the Trp family of receptors that is expressed in umbrella cells as well as the intermediate and basal cells of the urothelium (20) . We thus hypothesized that p75 signaling counteracts TrpV4 signaling in the urothelium. The hypothesis was tested in primary mouse urothelial cells that express TrpV4 and respond to agonist addition by increasing calcium influx (21, 22) . In response to its selective agonist GSK1016790A, Ca 2+ flux was increased ( Figure 5F ), and was dependent on extracellular calcium (data not shown). Preincubation with 10 ng/ml proNGF 30 minutes before GSK1016790A LM11A-31 administration resulted in significant improvement in voiding function with the overall voiding efficiency reaching that of spinal-intact mice, and the bladder capacity and pressure also returned to levels as under naive conditions ( Figure 6 , A-C). Accordingly, the infused volume and intermicturition intervals were also reduced by 50% and 55%, respectively ( Figure 6 , D and E). Bladder weight was also reduced with LM11A-31 treatment (69-74 ± 4 mg for spine-intact mice; 123 ± 3 mg for SCI-vehicle mice; 87 ± 4 mg for SCI-LM11A-31). These changes culminated in a greater number of mice recovering automatic micturition earlier than the vehicle control after SCI ( Figure 6F ). As we have shown that LM11A-31 targets p75 in vivo (11), these results together suggest that proNGF signaling through p75 in the spinal cord contributes significantly to disruption of voiding function after SCI, and blocking proNGF action through p75 can lead to significant improvement in bladder control after SCI. Systemic LM11A-31 increases glutamatergic inputs onto tyrosine hydroxylase-positive neurons after SCI. It was reported that NGF regulates synaptic organization in the sympathetic system, where TrkA promoted while p75 inhibited postsynaptic specialization (25) . We next asked whether the micturitional improvement observed with LM11A-31 was also accompanied by synaptic changes. As the first step, we assessed the number of c-fos + cells in the area of the dorsal commissure (DCM) of L6 spinal cords, choosing these in particular since their numbers were shown to increase with bladder distention among preganglionic neurons (26, 27) . At 28 days after injury, the number of c-fos + cells increased at least 2-fold, while LM11A-31 administration reduced the number to that in no-SCI control ( Figure 7, A and B) . This is reminiscent of reports that capsaicin treatment reduced the number of c-fos + cells (27) after SCI, and increased voiding efficiency (28) , suggesting that capsaicin-sensitive C-fiber afferents are involved in initiation of detrusor-sphincter dyssynergia and/or detrusor hyperreflexia. We thus looked for proteins that are expressed in small-diameter dorsal root ganglion (DRG) neurons that project to the DCM of L6/ S1 spinal cords, and whose expression overlaps with p75. A protein that fit the criteria was tyrosine hydroxylase (TH) (Figure 7 , C and D): Small-diameter neurons expressed both p75 and TH in L6/S1 DRG regardless of SCI, and their projections were detected in the DCM of the L6/S1 spinal cords. These TH + neurons have been characterized as the ones representing the cutaneous lowthreshold mechanoreceptors (29) . After SCI, many of these fiber projections appeared lost ( Figure 7D ), and instead a distinct group of neurons emerged with clear cell soma morphology in the area of the DCM, expressing both p75 and TH. In accordance with these data, modulating dopamine production has recently been shown to influence micturition after SCI (30) .
We asked whether LM11A-31 modulated synaptic inputs onto these TH + neurons in the DCM. Since glutamate is the main neurotransmitter released by afferent fibers, we first measured the extent of glutamatergic inputs to the L6 spinal cord by quantifying the number of vGlut1 + synaptic puncta using Fiji following immunohistochemistry ( Figure 8, A and B) . The area occupied by vGlut1 + puncta was increased after SCI with LM11A-31 treatment compared with the vehicle-treated control, suggesting that blocking proNGF action through p75 facilitated the increase in glutamatergic inputs. The vGlut1 inputs to TH + neurons also increased, addition attenuated the Ca 2+ flux significantly as shown by 57% reduction in the peak amplitude, suggesting that proNGF signaling antagonizes TrpV4 activation by GSK1016790A (Figure 5 , F and G). In support, GSK1016790A-mediated Ca 2+ flux was unaffected in p75 KO urothelial cultures ( Figure 5 , F and G). It should be noted that measurements of the area under the curve of Ca 2+ flux failed to show any significant differences among the 4 groups (data not shown). In order to understand the mechanism by which proNGF inhibits TrpV4 activity, we tested whether cell-surface expression of TrpV4 is regulated by its agonist, and whether proNGF modulates it in 293T cells that were transfected with p75, sortilin, and TrpV4. GSK1016790A addition increased the trafficking of TrpV4 to the cell surface, with its peak at 30 minutes ( Figure 5H ). The addition of proNGF prior to GSK1016790A application reduced the amount of TrpV4 targeted to the cell membrane without influencing its transport kinetics. Addition of LM11A-31 along with proNGF in turn counteracted the effect of proNGF addition, with increased levels of TrpV4 detected on the cell surface. ProNGF alone failed to have any effect. These results together suggest that urinary proNGF can influence TrpV4 activity in the urothelium, thereby regulating voiding frequency.
Systemic LM11A-31 significantly improves overall bladder function. Surprised at our unexpected results with p75
Δ -UP3a mice, we decided to test the effect of systemic LM11A-31 administration, since we have reported that proNGF is the major form of NGF that is released into the cerebrospinal fluid after CNS injuries including SCI (23, 24) , potentially influencing the central and peripheral circuits that control micturition. In addition, LM11A-31 crosses the brain-spinal cord barrier efficiently after SCI (11) . For these experiments, LM11A-31 was orally delivered at 100 mg/kg beginning 4 hours after injury, and once daily thereafter for 4 weeks. Δ -UP3a mice exhibited significantly increased average, minimum, and threshold bladder pressures compared with control, with no change in maximum micturition pressure. Comparisons among groups were made using ANOVA. When F ratios exceeded the adjusted critical value (P ≤ 0.0125), Bonferroni's multiple-comparisons test was used to compare means among groups. (F) ProNGF/p75 signaling negatively influences TrpV4-mediated Ca2 + flux in primary mouse urothelial cells. Urothelial cells were incubated with 10 ng/ml of proNGF or vehicle for 30 minutes before Fluo-4 AM loading and GSK1016790A addition at 50 nM (red arrows; n = 4 independent experiments). (G) Quantification of the average peak amplitude of ΔF/F. Comparisons among groups were made using ANOVA, and pairwise comparisons were made by Tukey's multiple-comparisons test ( flexia was significantly attenuated, and automatic micturition was acquired weeks earlier than in the vehicle controls. The improvement was in part attributed to an increased afferent glutamatergic synaptic input onto newly emerged TH + neurons in the DCM and their projections. Surprisingly, p75 also plays a role in modulating frequency of voiding in the naive bladder without SCI, but its effect is opposite to SCI conditions, as selective deletion of p75 in the urothelium resulted in hyperreflexia. We demonstrate that the mechanism by which urothelial p75 influences voiding frequency involves modulating TrpV4 activity: addition of proNGF to primary urothelial cells led to attenuation of TrpV4 activity. Since the inhibition was in response to proNGF, we surmise that urinary proNGF is present normally but below our detection limit of 78-156 pg/ml. After SCI, however, p75
Δ -UP3a mice exhibited as the area occupied with vGlut1 + puncta among TH + fibers was increased within the DCM with LM11A-31 administration ( Figure  8C ). These results suggest that activation of proNGF/p75 signaling after SCI contributes to the reflex circuit that is responsible for detrusor-sphincter dyssynergia and/or detrusor hyperreflexia, and blocking their action is a way to alleviate bladder dysfunction that accompanies SCI.
Discussion
Here, we report that proNGF/p75 signaling plays multiple roles in micturition after SCI. Overall, proNGF/p75 signaling is detrimental to bladder function following SCI: with systemic administration of LM11A-31 that blocks proNGF action through p75, bladder capacity and pressure dropped to an almost normal level, hyperre- Greater numbers of mice treated with LM11A-31 recovered automatic micturition significantly earlier than vehicletreated mice after SCI. Time (days) to recovery of automatic micturition for 2 groups was compared using a 2-tailed unpaired Student's t test. P ≤ 0.05 was considered statistically significant. Comparisons of cystometric parameters among groups (B-E) were made using ANOVA. When F ratios exceeded the adjusted critical value (P ≤ 0.0125), Bonferroni's multiple-comparisons test was used to compare means among groups. effect on uninjured animals, it was hypothesized that normally "silent" C-fiber bladder afferents acquired mechanosensitivity and initiated automatic micturition (31) . Although the mechanism by which capsaicin improves bladder function is still unclear, these results highlight the fact that sensory afferent projections are likely to be involved. Indeed, we found that excitatory glutamatergic inputs to the L6/S1 spinal cord are increased with LM11A-31 administration, and also onto TH + cell bodies and fiber projections. These TH + neurons appear to participate in bladder reflex circuitry after SCI, since transneuronal labeling from the bladder wall labeled TH + cells in similar regions to those identified in the current study (30) . In addition, 6-hydroxydopamine treatment not only reduced the number of these TH + neurons but also reduced voiding efficiency (30) . Although the characteristics of these TH + neurons need further study, this suggests that these neurons underlie the emergence of automatic micturition after SCI. A complete spinal cord transection injury, rostral to the lumbosacral spinal cord (i.e., upper motoneuron injury), irreversibly impairs urinary bladder function by affecting storage and elimination neural circuitry. Following SCI, detrusor sphincter dyssynergia (DSD) worsened micturition behavior compared with the control. We attribute the phenotype to inhibition of urothelial reorganization that is initiated by apoptosis of umbrella cells that depend on urinary proNGF binding to p75 on umbrella cells: proNGF antibody and LM11A-31 instillation immediately after SCI completely blocked umbrella cell apoptosis as well as ensuing urothelial hyperplasia and detrusor hypertrophy. This unexpected result suggests that the usual turnover of the urothelium that is initiated by the loss of lumen-lining umbrella cells plays a protective role for overall micturition after SCI, perhaps by engaging important ion channels and receptors whose activities change with SCI in the urothelium (1) . A rise in urinary proNGF is then a critical signal facilitating regeneration of the urothelium. It is unclear at the moment to what extent proNGF/p75 signaling in the urothelium contributed to overall bladder function after SCI, which requires further study. Regardless, it appears that the role that proNGF/ p75 signaling plays in the CNS to inhibit bladder function after SCI overrides any peripheral contribution.
It was reported that acute subcutaneous delivery of capsaicin improved bladder function after SCI (28) . Since capsaicin has no spinal cord retract under the surgical microscope. The space between the retracted ends of the spinal cord was packed with sterile Gelfoam (Pharmacia and Upjohn), and the incision was sutured. Carprofen (5 mg/kg, s.c.) was given at the time of surgery and for 2 days after injury at 24-hour intervals. The T9 epicenter was chosen to avoid the rostral lumbar and caudal lumbosacral spinal cord, which are involved in the storage and elimination phases of the voiding reflex, respectively. Our experience indicates that a T9 epicenter injury creates a reproducible upper motoneuron injury that is useful to evaluate the recovery of urinary bladder function. The complete transection model of SCI is useful to study recovery of urinary bladder function without the possibility of plasticity processes bypassing the lesion. LM11A-31 was orally delivered at 100 mg/kg beginning 4 hours after injury, and once daily thereafter for 4 weeks. Urinary bladders were manually expressed 2-3 times a day. We used female mice because manual expression of bladder (Credé maneuver) is more easily accomplished because of the shorter and wider urethra in female compared with male mice. We recorded presence or absence of automatic micturition days after injury at the first daily manual expression. Automatic micturition is defined as the period following spinal shock with the emergence of a micturition reflex at the spinal level and the appearance of spontaneous, involuntary bladder contractions. Thus, some function is restored although voiding frequency and volume are altered. Sham animals (laminectomy, spinal cord intact) were not subjected to any further manipulation. For contusion injuries, an Infinite Horizon Impactor (Precision Systems and Instrumentation LLC) was used at a controlled force-defined impact at 50 kdyn at the thoracic 9 position as previously described (11) . We used 2 different models of SCI (contusion injury and complete transection injury) to determine the generalizability of proNGF release in the urine. Although a preclinical contusion injury may have more translational relevance, we used a more severe (complete transection) model, because it allows the evaluation of bladder function after injury without the possibility of plasticity processes bypassing the lesion.
SCI in rats. Complete transection was performed at T9 as previously described under isoflurane anesthesia (35) . Briefly, after a T8-T10 laminectomy, the dura and spinal cord were cut with scissors and a sterile sponge was placed between the severed ends of the spinal cord. The overlying muscle and skin were sutured and maintained at 23°C-25.5°C. To prevent any infection, mice were treated with daily subcutaneous dosing of 100 mg/kg ampicillin for 10-14 days.
Collection of human urine. Urine samples were collected from 2 individuals, after placement of Foley catheters, frozen immediately, and stored at -80°C until analyses. Patient 1 was a 71-year-old male with a C6-level American Spinal Injury Association Impairment Scale (AIS) C injury following a motorcycle crash, with urine collected at 3 hours after injury. Patient 2 was a 44-year-old male with a C5-level AIS D injury following a fall from more than 20 feet, with urine collected at 6 hours after injury. The control urine was from a healthy male with no injury.
Implantation of intravesical catheter for conscious cystometry. A lower midline abdominal incision was performed under general anesthesia and secured in place with a 6-0 nylon purse string suture at 14 days (p75 Δ -UP3a and p75 c -UP3a) or 28 days after injury (LM11A-31 and vehicle). The distal end of the tubing was sealed, tunneled subcutaneously, and externalized at the back of the neck, out of the animal's reach. Abdominal and neck incisions were closed with 4-0 nylon suture. Animals were maintained for 48 hours to ensure complete recovery from and detrusor hyperreflexia (DH) eventually develop, resulting in highly inefficient voiding with high intravesical pressures and large residual urine volumes as the bladder tries to empty against a closed outlet. It has been demonstrated that neutralizing NGF in the lumbosacral spinal cord with NGF-specific antibody suppressed the development of DSD (5) and reduced DH (32) . Since it is proNGF and not mature NGF that is released in the cord after SCI (23) , it is likely that it was in fact proNGF rather than mature NGF that was neutralized by the antibody, which would have neutralized proNGF as well, owing to shared mature NGF domain. If that were the case, it would suggest that p75 action was being blocked by the NGF neutralization in the spinal cord, which is in line with LM11A-31-mediated improvement observed. We thus surmise that proNGF/p75 signaling may be involved in formation of DSD and that blocking their action with a small-molecule drug, such as LM11A-31, is a viable therapeutic strategy.
Methods
Human and animal studies. All procedures for human sample collection were approved by the Institutional Review Board at Ohio State University, and followed Department of Health and Human Services and FDA regulations. Written informed consent was received from participants prior to inclusion in the study. All animal studies were approved by the Institutional Animal Care and Use Committee of the Ohio State University the University of Vermont, and followed NIH guidelines for the proper use and care of laboratory animals.
Global and conditional p75 knockout mice. A congenic C57BL/6 line that carries a mutation in exon 3 of the p75 gene was used for the study (33) . Its genotype was determined by PCR analyses of tail DNA (34) . Conditional p75 knockout mice in C57BL/6 background were generated by crossing of p75 fl/fl mice with a UP3a-GFP/Cre/ERT2 line also in , are referred to as p75 Δ -UP3a and p75 c -UP3a, respectively, for brevity. To delete p75 from the urothelium, adult mice were treated with 160 mg/ kg tamoxifen for 5 days via daily oral gavage, and subjected to experimentation 10-14 days later. Except for cystometric studies, which used only female mice, both males and females that were older than 2-3 months were used for the study.
Genomic PCR of the urothelium following tamoxifen administration. At 1-2 weeks after tamoxifen administration, bladders were isolated from p75 c -UP3a and p75 Δ -UP3a mice, and placed onto a sterile wax plate in MEM media. The bladders were cut longitudinally and stretched flat with the urothelium side up using 0.1 mm × 1 cm pins, and incubated with 2 mg/ml dispase in MEM for 30 minutes at 37°C. The urothelial layer was then gently scraped with a spatula and collected to extract genomic DNA. The rest of the bladder lacking the urothelium was also collected as a control. PCR reactions on isolated genomic DNA were performed as described in ref. 17 . SCI and postoperative care. Spinal cord transections were performed under isoflurane anesthesia (2%-3% in a balance of oxygen for induction and 1%-2% for maintenance) in adult female mice. A laminectomy was performed at the T8-T10 level followed by complete transection of the dura and spinal cord using iris scissors under visual guidance with a surgical microscope. DRGs, rami, and rami communicantes were not transected. We confirmed complete transection of the spinal cord by observing the rostral and caudal cut ends of the Quantification of immunofluorescence images. To quantify TH and vGlut1 signals, the images from dorsal and ventral spinal cord hemispheres were first merged using Fiji (https://fiji.sc). The merged images were thresholded from 1 to 255 and processed to binary mode. The gray matter areas were selected, and signals within the selected area were measured. The pixels within the area were calculated by division of the RawIntDen by the maximum, 255, and the data were plotted after division of the pixels by the area of each sample. For quantifying TH and vGlut1 overlapped signals, after each image was made into binary, the overlapped signals were identified by the multiply function of Fiji.
Quantification of c-fos + cells. Every ninth section of the spinal cords was processed for c-fos staining, and the number of positive cells was quantified in the DCM areas.
Immunoprecipitation and Western blotting. Mouse bladders were separated into the detrusor muscle and urothelium plus lamina propria, and snap-frozen in liquid N 2 . For protein extraction, tissues were pulverized, and subsequently homogenized in RIPA buffer containing 1% NP-40, 0.5% deoxycholate, 150 mM NaCl, 50 mM Tris (pH 8.0), 2 mM EDTA, plus 1 mM sodium orthovanadate, 25 mM NaF, 10 mg/ml leupeptin, 10 mg/ml aprotinin, and 2 mM PMSF. The procedures for Western blotting were as previously described (37) . The antibodies used in the study include p75 (9650, detecting extracellular domain), p75 (BC, detecting intracellular domain; a gift from Bruce Carter, Vanderbilt University, Nashville, Tennessee, USA), proNGF (ANT005, Alomone, and S-080-100, Biosensis), NGF (SC-548, Santa Cruz Biotechnology), pan-Trk (SC-11, Santa Cruz Biotechnology), α-actin (SC-32251, Santa Cruz Biotechnology), and Uroplakin II (SC-15178, Santa Cruz Biotechnology). For immunoprecipitation of proNGF, dialyzed urine samples were incubated overnight at 4°C on a rotator with 1 mg/ml of control or 27/21 anti-mouse antibody (a gift from Yves Barde, Cardiff University, Cardiff, United Kingdom). The immune complexes were pulled down with protein A/G beads, washed in the RIPA buffer, and subjected to SDS-PAGE. The blots were probed with the indicated NGF antibodies. See complete unedited blots in the supplemental material.
TUNEL labeling and quantification. For TUNEL assays, the sections were treated with 0.1% citric acid and 0.1% Triton X-100 before incubation with TUNEL solutions at 37°C for 1 hour. TUNEL reaction was performed using a Roche TUNEL kit. For quantification, every third section was processed and counted.
ELISA assays. ELISA kits for detecting mouse mature and proNGF as well as human proNGF were purchased from Biosensis. Both proNGF ELISA kits are specific to proNGF and do not detect mature NGF. The ELISA kit for human mature NGF was purchased from SigmaAldrich. The assays were performed according to the manufacturers' instructions using diluted urine samples. the surgery prior to cystometry. Cystometry in conscious mice was performed according to previously published methods (36) . Animals were placed unrestrained in recording cages with a balance and pan for urine collection and measurement placed below. In conscious mice, roomtemperature saline was infused into the urinary bladder via a catheter placed in the bladder dome. Saline solution was infused at room temperature into the bladder at a rate of 25 μl/min to elicit repetitive bladder contractions. Slow-fill (10 μl/min), single cystometry cycles were also recorded in some animals. At least 6 reproducible micturition cycles were recorded after the initial stabilization period of 25-30 minutes. The following cystometric parameters were recorded in each animal: baseline pressure (pressure at the beginning of the bladder filling), threshold pressure (bladder pressure immediately prior to micturition), peak micturition pressure (peak intravesical pressure during voiding), intermicturition interval (time between micturition events), infused volume, and void volume (VV). After VVs were collected, the infusion was stopped and residual volume (RV) was determined: residual saline was withdrawn through the intravesical catheter. Bladder capacity (BC) was calculated as the sum of VV and RV. Based on these values, voiding efficiency (%) = [(VV/BC) × 100] was estimated. Two hours after saline infusion, animals were euthanized via transcardial perfusion, and the lumbosacral spinal cord and DRGs were harvested for immunohistochemistry studies. Experiments were conducted at similar times of the day to avoid the possibility that circadian variations were responsible for changes in bladder measurements. An individual blinded to genotype or treatment analyzed the cystometric data; groups were decoded after data analysis.
Intravesical instillation. For intravesical instillation of 100 mg/ kg of LM11A-31 and proNGF blocking antibody that was diluted 1:20 in sterile saline, lubricated PE10 tubing that was connected to a 1-ml syringe via a 30-gauge Hamilton needle was gently inserted into the bladder through the urethra of operated female mice immediately after SCI. Reagents were slowly instilled into the bladder in 100 μl volume.
Scanning electron microscopy of the bladder surface. Mice were perfused transcardially with 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2). Bladders were dissected, placed in fixative at 4°C for 72 hours, and then rinsed in 0.1 M Na phosphate buffer. The tissues were subjected to a sequential dehydration procedure that was followed by hexamethyldisilazane drying. Samples were then placed into the chamber of a sputter coater and coated with a film of gold/palladium before examination using FEI Nova NanoSEM 400 at the Campus Microscopy & Imaging Facility at Ohio State University.
Immunohistochemistry. Mice were transcardially perfused with 3% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2); bladders and spinal cords were isolated and postfixed in the same fixative for an additional 2 hours prior to overnight cryopreservation in 20% sucrose in 0.1 M phosphate buffer. The bladders were then filled with OCT compound, frozen on dry ice, cut at 30 μm thickness from the dome toward the urethra, and mounted on glass slides coated with 0.15% gelatin and 0.1 mg/ml poly-d-lysine. Spinal cords corresponding to L6 and S1 were dissected using L6 and S1 DRGs as guide, mounted in OCT compound, and cryosectioned at 25 μm thickness. For immunohistochemistry, sections were incubated for 2 hours at room temperature in blocking solution, which contained 0.3% Triton X-100, 5% BSA, and 5% goat, 5% horse serum in 1× Tris-buffered saline (TBS). Primary antibodies were applied overnight at room temperature in a solution containing 0.1% Triton X-100, 1% BSA, 1% goat, 1% horse Statistics. Data are presented as the mean ± SEM. GraphPad Prism 7 or SPSS (IBM) software was used to perform the statistical analysis. ProNGF protein levels and the number of TUNEL counts were compared using repeated measures of 1-way ANOVA after GreenhouseGeisser corrections (P ≤ 0.05 and 0.001), with pairwise comparisons using Bonferroni test. Multiple comparisons were performed using 1-way ANOVA (P ≤ 0.05) with Tukey's multiple-comparisons test, while paired Student's t tests were used to determine 2-tailed significance. For cystometric data analyses involving comparisons of more than 2 groups, 1-way ANOVAs were used according to the experimental design with Bonferroni's multiple-comparisons tests. P values less than or equal to 0.0125 were considered statistically significant.
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Calcium imaging of primary mouse urothelial cultures. Primary mouse urothelial cultures were obtained as previously described (21, 38) but with modifications. The stretched adult bladders were incubated with 2 mg/ml dispase II in MEM for 30 minutes at 37°C, and the urothelial cells were scraped and gently resuspended before plating in CnT-PR medium (CELLnTEC) on plastic dishes that were coated with Coating Matrix Kit (Thermo Fisher Scientific). At 3-5 days in vitro, cells were washed 3 times with calcium imaging buffer (CIB), which contained 105 mM NaCl, 3 mM KCl, 2.5 mM CaCl 2 , 0.6 mM MgCl 2 , 10 mM HEPES, 1.2 mM NaHCO 3 , 100 mM mannitol, and 10 mM glucose at pH 7.45 (39) , and loaded with 3 μM Fluo-4 AM in the presence of 0.02% Pluronic F-127 (Thermo Fisher Scientific). After 30 minutes of incubation at 37°C, cells were again washed 3 times with CIB, and incubated for an additional 30 minutes at 37°C for de-esterification. For live imaging, dishes were maintained at 37°C using a temperature-controlled imaging setup that was associated with a Zeiss Axio Observer Inverted Z1 equipped with Zen 2 software. Following 3 minutes of initial imaging, the endogenous TrpV4 was activated by addition of 50 nM GSK1016790A, followed by continuous imaging for 30 additional minutes. For NGF addition, cells were incubated with 10 ng/ml of recombinant pro-NGF (Alomone) for 30 minutes after Fluo-4 AM loading, imaged for 3 minutes, then treated with 50 nM GSK1016790A followed by 30 minutes of imaging. The calcium imaging data were analyzed using MATLAB (MathWorks) and Prism (GraphPad Software).
Cell-surface biotinylation assays. Before surface biotinylation assays, 293T cells that were transfected with FLAG-TrpV4 (40), HA-p75, and sortilin were incubated with 10 ng/ml of proNGF at 37°C for 30 minutes, then with 50 nM GSK1016790A for the indicated times. At the end of incubation, cells were washed 3 times with icecold PBS plus 0.1% glucose, and subjected to biotinylation using EZLink Sulfo-NHS-SS-Biotin (Pierce) for 30 minutes with a gentle shaking on ice. The biotinylation reaction was stopped by addition of an equal volume of 50 mM Tris (pH 7.4), and the resulting lysates were subjected to NeutrAvidin pull-down followed by Western blotting for FLAG to detect TrpV4 (Sigma-Aldrich). To detect p75, the blot was stripped and reprobed for p75.
